We report the isolation of thin flakes of cylindrite, a naturally occurring van der Waals superlattice, by means of mechanical and liquid phase exfoliation. We find that this material is a heavily doped p-type semiconductor with a narrow gap (<0.85 eV) with intrinsic magnetic interactions that are preserved even in the exfoliated nanosheets. Due to its environmental stability and high electrical conductivity, cylindrite can be an interesting alternative to the existing two-dimensional magnetic materials.
The study of van der Waals (vdW) heterostructures and superlattices is undoubtedly among the most active fields within the 2D materials research.[1-6] The capability of fabricating materials with tailored electrical and optical properties by assembling dissimilar 2D materials is extremely appealing. [7] [8] [9] [10] [11] [12] [13] Up to now, one of the most widespread approaches to fabricate these vdW heterostructures consists in the stacking of individual layers one-by-one using deterministic placement methods. [10, [14] [15] [16] [17] [18] [19] [20] [21] Although these methods constitute a powerful route to fabricate stacks of virtually any combination of 2D materials, they suffer from some severe drawbacks such as the presence of interlayer contaminant adsorbates [16, 22, 23] and the difficulty of precisely controlling the orientation angle between the stacked layers. [24] [25] [26] The exfoliation of naturally occurring vdW superlattices formed by alternating layers of two different 2D materials originated by a phase segregation process during their formation has emerged as an alternative method to fabricate thin layers of vdW heterostructures avoiding the above mentioned issues. The sulfosalt mineral franckeite has been recently reported as the first example of exfoliated naturally occurring vdW superlattices. [27] [28] [29] [30] [31] [32] Interestingly, the sulfosalt family has other examples of natural vdW superlattices that could be exfoliated as well.
Here we present the first study on mechanically and liquid phase exfoliated (LPE) cylindrite flakes, another mineral member of the sulfosalt family. The isolated flakes are first characterized structurally by TEM and Raman spectroscopy. We then fabricated field effect devices and photodetectors to study their electrical and optical properties.
Interestingly, although cylindrite is a superlattice formed by the stacking of two large band gap semiconductors, we find that cylindrite flakes are narrow band gap semiconductors (<0.85 eV). This illustrates very well how a superlattice differs from the trivial sum of the properties of the individual constituents. Finally, we also provide a magnetic characterization of bulk and exfoliated cylinders which display magnetic heterostructures could therefore be an interesting alternative to expand the exiguous family of the 2D magnetic materials [33] [34] [35] . Cylindrite presents the additional advantage of being stable in ambient conditions and conducting and therefore of potential interest for magneto-transport [36, 37] , in contrast with other insulating magnetic 2D materials. Cylindrite belongs to the sulfosalt mineral family and it has an approximate formula Pb3Sn4FeSb2S14. Within this family, it is part of a subclass of minerals called misfit compounds that are characterized by a peculiar crystal structure composed of stacks of alternating SnS2-like octahedral (O) and PbS-like pseudo-tetragonal (T) layers. [38] [39] [40] This feature is originated by a phase segregation of the two crystalline phases during the rock formation. Interestingly, the growth conditions to reproduce the structure of cylindrite can be replicated in the laboratory to synthesize artificial crystals with cylindrite structure but with user-tailored composition. [41, 42] Figure 1 shows a simplified representation of the crystal structure of cylindrite where for the sake of simplicity substitutional Fe, Sb and Sn atoms are not displayed. The individual cylinders can be easily extracted from the rock (the inset of Figure 2a shows one of these cylinders held at the tip of lab tweezers). Since the cylinders are formed by concentric layers of material with vdW mediated interlayer interactions (see Figure 2b ), they can be easily exfoliated with adhesive tape (mechanical exfoliation) or by LPE (Figure 2c ). Figure 2c shows the different steps to carry out the LPE of cylindrite [32, [43] [44] [45] : 1) several cylindrite cylinders were grinded carefully in an agate mortar until a black powder was obtained, 2) the powder was dispersed in iPrOH at a 1 mg·ml −1 concentration, 3) this dispersion was sonicated for 1 h in an ultrasonic bath kept at 20 ºC, 4) the as-prepared suspension was centrifuged (990 g, 30 min, 20 °C, Beckman Coulter Allegra X-15R, FX6100 rotor, radius 9.8 cm) in order to eliminate thicker (and thus heavier) flakes. After this process, the supernatant was collected carefully to obtain a pale orange-colored exfoliated cylindrite suspension (see Figure   2c ). The suspension precipitates at room temperature within one week and the nanosheets can be easily re-dispersed by sonication. Alternatively to the LPE method, cylindrite flakes can be also isolated by mechanical exfoliation. The inset in Figure 2c shows an optical image of macroscopic flakes peeled off from the surface of a cylindrite cylinder with Scotch tape exfoliation. The flakes can then be transferred onto a Gel- In order to study the magnetic properties of cylindrite, we first measured the magnetism of bulky cylinders mechanically extracted from the mineral rock and we compared them to those of dispersed thin nanosheets stemming from LPE. Note that the very same cylinders isolated for the measurement in bulk are used to produce the LPE dispersion.
This is important to ensure strictly the same chemical composition in both samples, as a natural mineral is the source to prepare them. The concentration of our suspension, 1 mg·ml −1 , allows a 'macroscopic' sample of exfoliated thin flakes of cylindrite dispersed in the selected solvent. In spite of its potential interest to explore lowdimensional magnetism in layered and nanoscale materials, LPE has been scarcely used to explore the magnetism of other bidimensional materials different form functionalized graphene. Indeed, to the best of our knowledge, only WS2 dried precipitates have been explored after exfoliation in the liquid phase. [49] The magnetism of the bulk cylindrite and LPE nanosheets has been studied using a SQUID magnetometer from Quantum Design equipped with a 5 Tesla coil. Figures   5(a,b) show the temperature dependence of the magnetization measured in a set of three cylindrite bulk cylinders with similar aspect ratio and packed together with their long axes aligned parallel. In a zero-field cooled (ZFC) measurement, the sample is first Tg could be also ascribed to the decrease in the effective size of the sample during the LPE synthesis, not only in the thickness but also in the lateral dimension. This behavior has been reported in other magnetic materials when their size is reduced to the nano/micro-scale [52] [53] [54] or their magnetic lattice is repeatedly diluted [55] and therefore the number of interacting spins is dramatically reduced.
In summary we demonstrated the isolation of thin flakes of cylindrite by mechanical and liquid-phase exfoliation of cylindrite bulk crystal and we provided a first structural, magnetic, electrical and optical characterization. In particular, we showed that cylindrite nanosheets are highly doped p-type semiconductors with a narrow bandgap.
These features, in combination with its inherent environmental stability, make cylindrite an alternative material to black phosphorus. We also found that cylindrite presents magnetic interactions that are preserved even in the exfoliated nanosheets. In contrast with other reported magnetic 2D materials, cylindrite has the advantage of being stable in ambient conditions and it is electrically conducting. Moreover, we demonstrated that liquid-phase exfoliation of magnetic layered materials is a powerful tool to explore the magnetism of layered heterostructures at low-dimensionalities and at the nano-scale.
Materials and Methods

Materials
The cylindrite crystal source used in this work is a natural mineral from San José mine (Oruro, Bolivia).
Scanning electron microscopy (SEM)
The SEM images are recorded by a secondary electrons detector mounted in a Carl Zeiss AURIGA Scanning Electron Microscope. The acceleration voltage is 2 kV and the working distance is 8 mm.
Transmission electron microscopy (TEM)
High resolution transition electron microscopy (HRTEM) observations were carried out in an aberration-corrected JEOL JEM-GRAND ARM300cF operated at 120kV and equipped with a cold field emission gun and a Gatan OneView camera.
Atomic force microscopy (AFM)
Atomic force microscopy images were carried out in a Nanotec Cervantes AFM operated in tapping mode with cantilevers with a spring constant of 40 N/m and 300 kHz of resonance frequency.
Optical microscopy images
Optical microscopy images have been acquired with an AM Scope BA310 MET-T upright metallurgical microscope equipped with an AM Scope mu1803 camera with 18 megapixels.
Transport measurements
Transport measurements have been carried out in a homebuilt probe station equipped with a source measuring unit (2450 Keithley) and a probe with a multimode optical fiber illuminator. A 1550 nm fiber coupled laser (KLS1550 Thorlabs) was used to measure the photoresponse of cylindrite in the short-wavelength infrared regime.
Magnetic measurements
The magnetization in the samples is measured in a Quantum Design SQUID magnetometer mounted in a low temperature cryostat. The bulk cylinders are stacked together with kapton tape in a diamagnetic capsule. 
